The microwave (MW) technique has become an important tool also in the organophosphorus field of organic chemistry. On the one hand, otherwise reluctant reactions, such as the esterification of Pacids, may be enhanced by the effect of MW, while on the other hand, catalysts may be omitted, or catalyst systems may be simplified on MW irradiation. This later group includes the Kabachnik-Fields reactions, alkylation of active methylene-containing compounds, O-alkylations, deoxygenations, as well as the Hirao reaction. It is also the purpose of this review to elucidate the scope and limitations of the MW tool, to interpret the MW effects, and to model the distribution of local overheatings and their beneficial effect. 1
Introduction
The spread of the microwave (MW) technique has had a great impact not only in organic chemistry in general, [1] [2] [3] [4] but also on organophosphorus chemistry. Guenin summarized the initial results. 5 The Keglevich group elaborated the synthesis of P-heterocycles and other phosphinic, phosphonic, and phosphine oxide derivatives utilizing the MW technique. [6] [7] [8] [9] [10] [11] [12] The reactions investigated are shown in Figure 1 . The role of MWs in organic syntheses induced vehement disputes that led to different theories. 13 Initially, nonthermal effects were assumed for polar transition states in apolar aprotic solvents, or under solvent-free conditions. 14 Other non-thermal explanations include supposition of change in the thermodynamic parameters, 15 or that of increase in the pre-exponential factor. 15, 16 Nowadays, nonthermal theories are mostly rejected, 17, 18 and rather thermal effects are considered. 19 According to a major approach, local overheatings occurring statistically in the bulk of the mixture are responsible for the beneficial effect of MWs. 4, 20 The finally distributed 'nano-size' overheatings cannot be measured individually. Modest thermal differences may have a significant impact on the reaction time. 21 A newer theory suggests that MW-absorbing solutes in MW-transparent solvents may be responsible for the special rate enhancing effect. [22] [23] [24] [25] In our work, we have emphasized green chemical aspects. 7, 8 Besides elaborating efficient syntheses (short reaction times and good yields), it was possible to enhance re-
Scheme 1 Direct esterification of phenylphosphinic acids 1
Then the esterification of cyclic phosphinic acids, such as hydroxyphospholene 1-oxides 3 and hydroxyphospholane 1-oxides 5 was also elaborated (Scheme 2 and Scheme 3). 28 The use of less volatile alcohols with longer carbon atom chains as the reagents proved to be more advantageous. 29 In a few cases, comparative thermal experiments (Δ) were also performed under similar conditions, and the beneficial effect of MWs was proved.
Scheme 2 Direct esterification of hydroxyphospholene 1-oxides 3
Due to the somewhat decreased reactivity of the hydroxyphospholane oxides 5 compared to that of the hydroxy-3-phospholene oxides 3, there was a need for a higher temperature, and these reactions were less efficient. The monomethyl esters were formed as a ca. 1:1 mixture of two diastereomers, while the dimethyl compounds comprised three isomers, two optically inactive species and a racemate.
The obvious disadvantage of our MW-assisted esterification is the relatively high temperature (optimally 200-220 °C) and the long reaction times required. When alcohols with low boiling point were used, the yields of the phosphinates were low. We then developed a more efficient esterification method utilizing ionic liquids (ILs) in a cata- 6 ] as an additive in the esterification of several cyclic phosphinic acids 7 with a series of simple alcohols at 160-210 °C under MW irradiation, higher yields (up to 95%) could be obtained (Scheme 4).
Scheme 4 Direct esterification of cyclic phosphinic acids 7 in the presence of 10% of an ionic liquid Thus, we have developed an environmentally friendly method for the preparation of phosphinates that may even be quantitative.
The MW-assisted direct thioesterification of phosphinic acids using thiols was also investigated. 31 However, the synthesis of thiophosphinates was not efficient enough, and took place in lower conversions and yields of 36-40% (Scheme 5).
The direct amidation of 1-hydroxy-3-phospholene 1-oxide 10 was also attempted, and it was found that this derivatization took place with a ca. 33% conversion on MW irradiation (Scheme 6). The 1-alkylamino-3-phospholene oxides 11 were obtained in low yields (25-29%).
32

Scheme 6 Direct amidation of hydroxyphospholene 1-oxide 10
A better choice for the preparation of the phosphinic amides is the traditional reaction of the corresponding phosphinic chlorides (e.g., 12) with amines. It was observed that the reaction with primary amines resulted in a mixture of the expected 1-amino-3-phospholene 1-oxide 11 and its N-phosphinoyl derivative 13. Depending on the molar ratio of the reactants and on the order of mixing, the product composition could be fine-tuned, and either 11 or 13 could be obtained almost exclusively in high yields (Scheme 7). 
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Phosphonic ester-acid derivatives 14 were also subjected to MW-assisted direct esterification, and the dialkyl phenylphosphonates 15 were obtained in variable yields (Scheme 8) . 34 This is the first example of the MW-assisted direct esterification of phosphonic acid derivatives.
Scheme 8 Direct esterification of phosphonic acid derivatives 14
Scope and Limitation of the Application of MWs
Each reaction may be characterized by its thermodynamic and kinetic parameters. According to the enthalpy change (ΔH 0 ), a reaction may be exothermic, thermoneutral, and endothermic. The other important factor is the enthalpy of activation (ΔH # ) that determines the rate of the reaction. It is possible that a higher ΔH # prevents the reaction. In order to be able to predict the usefulness of MW irradiation for a particular reaction, let us consider a few cases with typical energetics as shown in Figure 2 . For the cases, where ΔH # is not too high, and there is a significant enthalpy gain (Figure 2 It was mentioned above that phosphinic acids cannot be esterified directly, and it was also shown that on MW irradiation above 200 °C and using the alcohols in a 15-fold excess, the esterifications of phosphinic acids took place. [27] [28] [29] After a 3 hour irradiation at 200 °C, the reaction of 1-hydroxy-3-methyl-3-phospholene 1-oxide (10) with butanol proceeded with a conversion of 58%. In a comparative thermal experiment at 200 °C for 2 hours, the conversion was only 17%. The energetics of this esterification were calculated by the B3LYP/6-31G(d,p) method utilizing the explicit-implicit solvent model. A relatively high ΔH # of 135.0 kJ mol -1 was obtained ( Figure 3 ).
35
Figure 3
Enthalpy profile for the esterification of 1-hydroxy-3-methyl-3-phospholene 1-oxide (10) As a comparison, the esterification of acetic acid was also calculated. This reaction is practically also thermoneutral, but the ΔH # is significantly lower (75.0 kJ mol -1 ). 36 It was shown that the MW-assisted esterifications may be further promoted in the presence of 10% of an IL. 
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At the same time the MW-assisted thioesterification of 1-hydroxy-3-methyl-3-phospholene oxide (10) tions cannot be performed in a complete conversion. The theory outlined above was also applied for other reactions by de la Hoz et al. [37] [38] [39] [40] 
Modelling the Distribution of the Local Overheatings and Predicting Their Effect
The potential of MW heating stems in the beneficial effect of local overheatings occurring statistically in the bulk of the mixture. Even a small extent of the overheatings may have a significant impact on the rate, but higher overheatings are also possible. The sum of the randomly occurring overheatings may overcome the barriers due to the higher enthalpy of activation.
When modelling the thermal effect of local overheatings, the key is the Arrhenius equation (Equation 1) that allows the calculation of the rate constants in the bulk of the mixture, and also in the overheated segments.
Equation 1
The different temperature (T) and volume (V) parameters are defined in Figure 6 . G. Keglevich et al.
Short Review Syn thesis
It is possible to model the thermal effect of MWs according to a simplified approach assuming a percentage segment (V OH /V O ) with a distinct overheating (T OH -T bulk ). 41 
In this case, Equation 2 takes a simpler form (Equation 4).
Equation 4
For the esterification of 1-hydroxy-3-methyl-3-phospholene oxide (10) with butanol at 200 °C, and applying a calculated ΔH # of 135 kJ mol -1 (Scheme 9), 35 rate enhancements up to 3.2 were obtained as a consequence of the overheating (up to 30 °C) and the proportion of this segment (up to 30%).
41
Scheme 9 The model esterification selected
The previous simplification is obviously not acceptable, as the extent of the local overheatings must be different within the bulk of the reaction mixture. It is clear that the extent of the overheating (T OH -T bulk ), regarding its tendency, is inversely proportional to its relative proportion (V OH /V O ). To approach the reality better, an exponentially decreasing relationship was assumed between the overheating and its proportion. [42] [43] [44] Regarding the proportion of the overheated segment, six distinct cases were differentiated. The overheated segments were chosen arbitrarily to be 5, 10, 20, 30, 40, and 50% ( Figure 7) . Hence, the proportion of the bulk was chosen as 95%, 90%, 80%, 70%, 60%, and 50%. Within the six cases, distinct overheatings of 5, 10, 20, 30, 40, 50, and 60 °C were assumed. The relative accelerations were calculated on the basis of the partial rate constants obtained for V bulk and the individual segments (V OH i ) as obtained above. The list of the details and the eventual accelerations are summarized in Table 1 .
After modelling the effect of the local overheatings assuming an exponentially decreasing relationship between V OH /V O and T OH -T bulk , and 6 different overheated segments, the experimental acceleration should be calculated on the basis of the experimental data. (At 200 °C, the conversion (x) was 58% after a t = 3 h irradiation, while in the thermal variation, x was 17% after t = 2 h.) 36, 41 The conversion (x) -time (t) data pairs for the MW-assisted and thermal esterification of 1-hydroxy-3-methyl-3-phospholene oxide (10) were substituted into the logarithmic pseudo first order kinetic Equation 5 .
Equation 5
The experimental relative acceleration (K rel exp ) was calculated as the ratio of the virtual pseudo first order rate constant for the MW-assisted reaction and the pseudo first order rate constant for the thermal variation, as shown by Equation 6 .
Equation 6
Consulting Table 1 , one can see that the real situation is well described by Model V, when the overheated segment was assumed to be 40%. The predicted acceleration of 3.06 is in good accord with that determined experimentally (3.10).
The senior author of this review was the first who modelled the distribution of the local overheatings, and calculated their effect on the basis of the Arrhenius equation. Hence, the beneficial effect of MWs could be treated quantitatively assuming a simply thermal effect. 
The Kabachnik-Fields Reaction
The Kabachnik-Fields (phospha-Mannich) reaction is the three-component condensation of primary or secondary amines, oxo compounds (aldehydes or ketones), and >P(O)H reagents, such as dialkyl phosphites or secondary phosphine oxides, resulting in the formation of α-aminophosphonates or α-aminophosphine oxides. [45] [46] [47] α-Aminophosphonates are considered as potential bioisosteres of α-amino acids. Due to their versatile bioactivity, they are important targets in biochemistry, 48, 49 medicinal chemistry, [50] [51] [52] [53] and pesticide chemistry. [54] [55] [56] The three-component condensation may be accomplished in many ways. A number of papers have been published, suggesting the use of special catalysts, [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] such as a phthalocyanine-AlCl 3 complex, 57 A series of α-aminophosphonates 17 were synthesized by solvent-and catalyst-free MW-assisted KabachnikFields reactions (Scheme 10). 67, [70] [71] [72] The condensation of aniline or benzylamine, simple oxo compounds, such as formaldehyde, benzaldehyde, acetophenone, or cyclohexanone, and dimethyl or diethyl phosphite gives the corresponding α-aminophosphonates in yields of 80-93%. 67 This method was extended to the synthesis of N-heterocyclic containing α-aminophosphonates applying heterocyclic amines. 70 3-Amino-6-methyl-2H-pyran-2-ones were also suitable starting materials in the Kabachnik-Fields reaction, and a series of N-(2-oxo-2H-pyranyl)-α-aminophosphonates were obtained in yields of 61-91% (Scheme 10). 71 Ethyl octyl phosphite, a dialkyl phosphite with mixed alkyl groups was prepared, and utilized as P-reagent in the threecomponent condensation with primary or secondary amines and paraformaldehyde (Scheme 10). 72 Several ethyl octyl alkylaminomethylphosphonates were prepared in high yields (72-92%) under MW irradiation in the absence of catalyst and solvent.
The Kabachnik-Fields condensation was extended using secondary phosphine oxides, such as diphenylphosphine oxide, dibenzylphosphine oxide, and bis(4-methylphenyl)phosphine oxide, as the P-reactants in reaction with aldehydes or ketones and different types of amines resulting α-aminophosphine oxides 18 (Scheme 11). 67, 70, 71, 73 Only a few examples were known earlier for the synthesis of α-aminophosphine oxides. The condensations leading to these products were carried out applying a large excess of 
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the amine components, high temperatures and a long reaction time, or using benzene as the solvent. [74] [75] [76] The Keglevich group accomplished the three-component condensations under catalyst-free, and in most cases solvent-free MW conditions at 80-100 °C for 30-60 minutes, and the corresponding α-aminophosphine oxides 18 were obtained in high yields (80-98%).
67,70,71,73
Scheme 11 Synthesis of α-aminophosphine oxides 18
As a further development, double Kabachnik-Fields reactions were also carried out using two equivalents of the aldehyde, and two equivalents of the P-reagent in reaction with the amine component to make available bis(phosphonylmethyl)amines 19 (Scheme 12). 72, [77] [78] [79] [80] [81] The condensation of primary amines with two equivalents of paraformaldehyde and dialkyl phosphites were accomplished under MW irradiation in the absence of catalysts and solvents. [77] [78] [79] The best result (98% yield) was obtained starting from benzylamine. The reaction was also carried out using ethyl octyl phosphite as the P-reagent. 72 α-, β-, and γ-Amino acid derivatives were novel starting materials in the double Kabachnik-Fields reactions. 80, 81 A few bis(dialkoxyphosphonylmethyl)amino acid derivatives were synthesized in yields of 60-97%.
Scheme 12 Synthesis of bisphosphonates 19
The beneficial effect of the MW technique was demonstrated by comparative thermal experiments.
The double Kabachnik-Fields condensations were also performed with secondary phosphine oxides as the P-reagents without any catalyst in acetonitrile to overcome the heterogeneity of the reaction mixture (Scheme 13).
73,77-81
The corresponding bis(phosphinoylmethyl)amines 20 were obtained in high yields (75-98%).
Most of the bis(phosphine oxides) were utilized as precursors of bidentate P-ligands. Several bis(phosphinoylmethyl)amines 20 prepared were subjected to double deoxygenation using phenylsilane to afford bisphosphines 21, which were converted into cyclic platinum complexes 22 on reaction with dichlorodibenzonitrileplatinum(II) (Scheme 14). 73, [77] [78] [79] These cis platinum complexes 22 showed good activity and chemoselectivity, along with an unexpected regioselectivity as catalyst in the hydroformylation of styrene. 73, 79 In summary, new mono-and bis(aminophosphonates), as well as aminophosphine oxides were synthesized by MW-assisted three-component Kabachnik-Fields reactions. It was proved that there is no need for any catalyst and, in 
Short Review Syn thesis
most cases, for any solvent in the condensations. The bisphosphines obtained by the deoxygenation of bisphosphine oxides were utilized as bidentate P-ligands in platinum complexes.
Solid-Liquid Phase Alkylation of Active Methylene-Containing Compounds
Alkylation of compounds with active methylene group under MW conditions is a less studied field. 82 Diethyl malonate, 83 acetoacetic ester, 84 and other derivatives 85 were easily substituted by alkyl halides in the presence of alkali carbonates or other bases under solvent-free and MWassisted phase-transfer catalytic conditions. The Keglevich group found that there was no need for a phase-transfer catalyst in the solid-liquid-phase reaction on MW irradiation. 86, 87 There are only a few examples for the MW-assisted alkylation of the CH-acidic compounds with P-function. 88 The Keglevich group found that tetraethyl methylenebisphosphonate (23, Y = P(O)(OEt) 2 ) could be alkylated by alkali halides in the presence of Cs 2 CO 3 at 120-140 °C on MW irradiation (Scheme 15). 89 The alkylation of bis(diphenylphosphinoyl)methane (23, Y = P(O)Ph 2 ) required more forcing conditions (mostly 180 °C and TEBAC), and the use of acetonitrile as the solvent due to the heterogeneity (Scheme 15).
90
Scheme 15 MW-assisted alkylation of P-functionalized CH acidic compounds
In the alkylation of diethyl ethoxycarbonylmethylenephosphonate (25, Z = CO 2 Et) 91 and diethyl cyanomethylphosphonate (25, Z = CN) 90 Cs 2 CO 3 and K 2 CO 3 , respectively, were the suitable bases (Scheme 16).
The dialkylation of diethyl ethoxycarbonylmethylenephosphonate (27) was also elaborated in four steps. Introduction of the second alkyl group required three consecutive alkylations to obtain satisfactory yields (Scheme 17). 92 Somewhat analogous compounds, hydroxymethylenebisphosphonates 30 were prepared by the addi- 
Solid-Liquid Phase Alkylation of Phosphinic Acids
A few examples are known of the alkylation of phosphinic acids using diazomethane as the alkylating agent; however, only methyl esters can be synthesized in this way. 95, 96 The solid-liquid-phase alkylation of phosphinic acids is a less studied field, 97 and the alkylation of cyclic phosphinic acids has not been dealt with before. A solventfree MW-assisted method was developed for the solidliquid-phase alkylation of cyclic phosphinic acids 7 with alkyl halides (Scheme 19). The corresponding phosphinates 8 were obtained in yields of 56-98%. 28, 98 The reactions were carried out in the presence of K 2 CO 3 , and the effect of a phase-transfer catalyst (TEBAC) was also studied. It was found, that applying alkylating agents of increased reactivity (ethyl iodide and benzyl bromide), the MW irradiation was beneficial, and there was no need to add TEBAC. The use of the catalyst is advantageous, when alkyl halides of normal reactivity (propyl and butyl bromide) were applied. In this case, the effect of onium salt was synergetic with the MW irradiation, and the reactions were complete. The alkylation with isopropyl bromide was quite reluctant, the yield was 56%, and 65% in the presence of TEBAC.
The Deoxygenation of Phosphine Oxides
The deoxygenation of tertiary phosphine oxides is an important reaction, as it provides useful intermediates and reagents. 99, 100 The resulting phosphines may be useful as Pligands in transition metal complexes. Phosphines are also used as reagents in various organic reactions, such as the Wittig and the Mitsunobu reactions. In these transformations, the phosphine oxides applied in a catalytic quantity are regenerated by in situ silane reduction.
101-104
Scheme 16 MW-assisted alkylation of CH acidic compounds with mixed functionalities 
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The most common means for the deoxygenation of phosphine oxides involves silanes as the reagents. 99, 100 Many silanes have been described as reducing agents. It is a real challenge to accomplish the deoxygenation of phosphine oxides by cheap and user-friendly silanes, and to elaborate green chemical protocols. Within silanes, trichlorosilane is the most widespread reagent, 105, 106 but it is volatile (bp 32 °C) and corrosive, implying a significant disadvantage. Phenylsilane (PhSiH 3 ) may be a good choice as the reagent for the deoxygenation; however, it is rather expensive. 107, 108 Tetramethyldisiloxane (TMDS) and polymethylhydrosiloxane (PMHS) are cheap, but not too reactive reducing agents (Figure 8 ). To promote their reactivity, the deoxygenations by TMDS and PMHS were performed with copper, titanium, and indium catalysis, [109] [110] [111] [112] [113] or with a phosphoric acid diester as the catalyst. 114 It was reported that these catalysts were quite helpful at 100-110 °C in toluene.
Figure 8
The preferred silanes applied in our work
It was a challenge for us, within the Keglevich group, to try to substitute the catalysts suggested for the TMDS-and PMHS-promoted deoxygenations by MW irradiation. [115] [116] [117] In our work, 1-phenyl-and 1-alkyl-3-methyl-3-phospholene oxides 32 were subjected to deoxygenation by TMDS and PMHS under solvent-free conditions. It was found that the MW-assisted accomplishments were significantly faster (2-5 h). The comparative thermal experiment required heating for 3-9 hours. Selected results obtained with PMHS are shown in Scheme 20.
115-118
Scheme 20 MW-assisted deoxygenation of 1-substituted 3-methyl-3-phospholene 1-oxides 32 by PMHS With TMDS, there was a need for a longer reaction time of 3-5 hours under MW irradiation, and the yield of phosphine 33 was 82-92%. Under MW conditions, the expensive PhSiH 3 could be replaced well by PMHS (and TMDS), although somewhat higher temperatures, and longer reaction times were necessary.
Other 5-ring phosphine oxides, such as a 3,4-dimethyl-3-phospholene 1-oxide, 2-phospholene 1-oxides, and a phospholane 1-oxide (in general 34) were deoxygenated by PMHS under similar conditions, shown above for 1-substituted 3-methyl-3-phospholene 1-oxides 32 in Scheme 20 (Scheme 21). 116, 119 The phosphines (in general 35) were obtained in 87-92% yields. On traditional heating, the completion required 4 hours, and the yields were similar (86-90%).
Scheme 21 MW-assisted reduction of a series of phospholene 1-oxides and a phospholane 1-oxide by PMHS
The PMHS-or TMDS-promoted deoxygenations were extended to the reduction of acyclic tertiary phosphine oxides 36. The deoxygenation of sterically hindered models require a higher temperature (Scheme 22).
115,120
Scheme 22 Deoxygenation of acyclic tertiary phosphine oxides 36 by PMHS or TMDS under MW conditions
In summary, PMHS and TMDS allow a user-friendly and cheap deoxygenation of a series of tertiary phosphine oxides under MW conditions.
The Hirao Reaction without Added P-Ligands
The Hirao reaction is the P-C coupling reaction of aryl halides and dialkyl phosphites in the presence of Pd(PPh 3 ) 4 and triethylamine to afford arylphosphonates 38. Many variations including in situ formed Pd, Ni, and Cu catalysts incorporating mono-and bidentate P ligands have been described over the last two decades (Scheme 23). [121] [122] [123] [124] Green chemical approaches involving phase-transfer catalytic and MW-assisted protocols were also described. [125] [126] [127] [128] [129] [130] [131] [132] [133] Arylphosphonates may also be obtained by the MW-assisted Arbuzov reaction of aryl bromides and trialkyl phosphites. 
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The first 'P-ligand-free' Hirao reaction was reported by the Keglevich group. 135, 136 In homogenous media, the Pd(OAc) 2 was found to be a suitable catalyst using triethylamine under solvent-free MW conditions (Scheme 24). At 150-200 °C dialkyl phosphites reacted easily with substituted bromobenzenes, and the arylphosphonates 39 were formed, in most cases, in good yields (60-93%). 3-Methylbenzene and fluorobenzene were the most reactive arenes after bromobenzene. These compounds took part in a quantitative reaction with diethyl phosphite in the presence of 5 mol% of Pd(OAc) 2 at 175 °C after a reaction time of 5-10 minutes. It was observed that both electron-donating and electron-withdrawing substituents in the aryl ring at position 4 and 3 decreased the reactivity of aryl bromides.
Scheme 24
The 'P-ligand-free' Hirao reaction with dialkyl phosphites
The alkyl phenyl-H-phosphinates were also found to be suitable reagents in the MW-assisted 'P-ligand-free' Hirao reaction (Scheme 25), 135, 136 and the corresponding products 40 were formed in high yields (68-92%).
Scheme 25
The 'P-ligand-free' Hirao reaction with alkyl phenyl-Hphosphinates A series of phosphine oxides 41 were synthesized by the P-C coupling reaction of secondary phosphine oxides with aryl bromides (Scheme 26). 136 The coupling of diphenylphosphine oxide and aryl bromides afforded the triarylphosphine oxides 41 (Y = Ar) in yields of 83-89% using 5 mol% Pd(OAc) 2 at 150 °C after a reaction time of 5 minutes. Dialkylphosphine oxides were found to be less reactive, and the transformation required a longer reaction time of 1.5 hours at 175 °C. Furthermore, in the coupling of dialkylphosphine oxides, there was need for acetonitrile as the solvent to avoid side reactions. It was found that diphenylphosphine oxide had a higher reactivity than other >P(O)H compounds including alkyl-phenyl-H-phosphinates and dialkyl phosphites.
Scheme 26
The 'P-ligand-free' Hirao reaction with secondary phosphine oxides
The reaction of 2-nitro-5-bromoanisole with diethyl phosphite was carried out using Pd(OAc) 2 as the catalyst and K 2 CO 3 as the base in xylene, and the corresponding aryl phosphonate was obtained in a yield of 69%. 137 Cu salts may also be suitable catalysts in ligand-free P-C couplings. A variety of Cu salts, bases and solvents were tested in the reaction of aryl halides with dialkyl phosphites, H-phosphinates, and secondary phosphine oxides. 138 The best catalyst was found to be CuI with Cs 2 CO 3 as the base in DMF or toluene.
It was found that the P-C coupling can also be performed in the presence of NiCl 2 and K 2 CO 3 under 'P-ligandfree' conditions (Scheme 27). 139 Bromobenzene undergoes efficient P-C coupling with dialkyl phosphites using 5 mol% Pd(OAc) 2 at 150 °C for 45 minutes. More forcing conditions (10% Pd(OAc) 2 and ≥1.5 h) were necessary in the reaction of 4-alkoxy-and 4-alkyl-substituted bromobenzene to attain acceptable yields. The 3-methyl-, 3-chloro-, and fluorosubstituted bromobenzenes were more reactive starting materials, and the couplings were almost complete after 45-60 minutes. It can be concluded that in the 'P-ligandfree' Ni-catalyzed P-C coupling, the substituted aryl bromides have a lower reactivity than bromobenzene. The method under discussion was successfully applied to the synthesis of alkyl diphenylphosphinates and tertiary phosphine oxides (Scheme 27). 139 The alkyl phenyl-H-phosphinates were found to be more reactive than dialkyl phosphites. 
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Scheme 27 Ni-catalyzed 'P-ligand-free ' Hirao reactions This is the first instance that the Hirao reaction was performed without directly added P-ligands. In the cases studied, the trivalent tautomeric form (Y In special cases, the P-C coupling reactions could also be carried out without any catalyst (Scheme 28). 140 Moreover, secondary diarylphosphine oxides could be reacted with halobenzoic acids in water, in the presence of K 2 CO 3 under MW conditions. The phosphinylated products 43 were formed in variable yields.
Scheme 28
The 'greenest' Hirao reaction in water without any catalyst In summary, the 'P-ligand-free' Pd-and Ni-catalyzed coupling reactions proved to be suitable in the arylation of different >P(O)H reagents under MW conditions. Simple Pd(OAc) 2 and NiCl 2 could be used as catalysts instead of expensive and air sensitive Pd(PPh 3 ) 4 , or other variations.
Conclusions
In summary our recent results in MW-assisted organophosphorus syntheses were surveyed. Beside the usual advantages of the application of the MW technique in syntheses, either thermally reluctant reactions, such as the esterification of phosphinic and phosphonic acids were promoted, or catalytic systems were simplified. The latter case was illustrated via the Kabachnik-Fields reaction, the alkylation of CH acidic compounds, O-alkylations, deoxygenations, and the Hirao reaction. It was found that, in general, MWs may be useful to enhance thermoneutral organic reactions with a higher enthalpy of activation. It was possible to model the distribution of local overheatings and their effect utilizing the Arrhenius equation. Hence, we were successful in selecting the best model giving the same rate enhancement obtained experimentally for the esterification of a phosphinic acid.
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